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ABSTRACT: The role of transition-metal d and ligand p hybridization continues to be
of immense interest in Li-ion battery cathode, and yet it is still poorly understood. Using
combined experimental and theoretical soft X-ray absorption spectroscopic study and
density functional theory calculation, we investigated the fundamental electronic
structure of the high-voltage spinel LiNixMn2−xO4. An oxygen-participating charge
rebalance between manganese and nickel ions was found; that is, the content of O 2p
holes close to the Fermi level increases along with the increasing Ni content. Moreover,
these unstable oxygen holes primarily congregate around the redox active dopants. The
underlying mechanism accounting for this charge-compensated occurrence is the reverse
of two bonding levels when manganese ions are oxidized from +3 to +4 states. On the
basis of these new ﬁndings, we further exposed the role of oxygen in electrochemical
performance. First, oxygen ions aﬀord the charge variation together with the cations
during Li insertion/deinsertion process. Second, the O 2p holes can largely screen the
strong electrostatic repulsion between Mn4+ and Li+ ions to eﬀectively enhance the rate capacity. Lastly, the excessive amount of
O 2p holes is disadvantageous to the thermal stability associated with the O2 evolution. Also, we point out that O 2p holes
concentration can be modiﬁed by the metal−oxygen bonding character, and the “charge-transfer energy” is a crucial point for
designing high-capacity positive electrodes for Li-ion battery.

■

INTRODUCTION
Rechargeable lithium-ion batteries (LIBs) are currently the
most widely used storage devices, but rapid growth of demand
in electric and hybrid electric vehicles requires the next
generation of long-life, safe, and high-energy-density systems.1−4 To this end, developing advanced positive electrode
materials with high capacity is an eﬀective approach because an
increase in cell energy density of 57% can be achieved by
doubling the capacity of the positive electrode.5 Since the Liion battery operates through an insertion/deinsertion process
along with the valence state variation of cations in the positive
electrodes, understanding the redox activity of transition-metal
(TM) cations and their combinations is essential for rational
design.
Recent observation on the high capacity of Li-rich oxides
challenges the well-established recognition that the insertion
reaction in oxides merely involves cationic redox processes.6−8
Although this picture is useful to explain the situation in ionic
compounds, its applicability is questionable for the latetransition-metal oxides with high valence state, in which the
TM d band is close to or even penetrates the p band. Instead,
© 2017 American Chemical Society

the concept of anionic redox chemistry was proposed on the
basis of covalent model, involving the strong d−p hybridization
and emphasizing the pivotal role of p band in redox process.9,10
This breakthrough viewpoint encouraged the investigations on
the classical cathode materials to obtain new understanding.
For instance, Mizokawa et al. studied the LiCoO2 cathode and
found that the holes on the oxygen site arising from the high
Co−O covalent bond can stabilize the Li-ion motion.11 In
addition, Wolverton and Zunger suggested that rehybridization
of the Co−O orbitals acts to restore charge to the redox site,
resulting in minimizing the eﬀect of the structural perturbation.12 Nevertheless, there are few reports on the multication
materials, most of which exhibit enhanced electrochemical
properties. Among the combination of multications, nickel and
manganese ions are good partners to endow cathodes with
excellent performance, such as LiMn1−xNixO213 and LiNixMn2−xO4.14
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Figure 1. (a) XRD patterns of the LiNixMn2−xO4 (x = 0, 0.2, 0.5) samples; experimental Fourier transform of (b) the Mn K-edge EXAFS data and
(c) Ni K-edge EXAFS data of the LiNixMn2−xO4 (x = 0, 0.2, 0.5) samples, as well as the corresponding ﬁts.

as the deteriorative O2-release issue21 and extensively enhanced
rate capacity.33 In fact, the previous works have shown that the
multication systems usually possess complicated charge
distribution beyond formal valence state of cations, such as
the charge balance of Mn−O−Fe in SrMn1−xFexO3.34 Therefore, improved recognition of the LNMO is mandatory to
uncover its inherent correlation with electrochemical performance. Two signiﬁcant issues that must be ﬁgured out include
the change of bonding interaction of Mn−O bond when Mn3+
transfers to Mn4+ as well as the corresponding charge
redistribution around oxygen ions.
In the present work, we discovered charge redistribution
between Mn 3d and O 2p orbits in LiMn2O4 upon Ni doping,
which leads to increased O 2p holes close to the Fermi level.
The extended X-ray absorption ﬁne structure (EXAFS) at
transition-metal (TM) K-edge data was employed to study the
local structure around manganese and nickel ions. The soft Xray absorption spectroscopy (XAS) at TM L2,3-edge experiment
was used to determine the charge-transfer energy and in turn
quantify the bond nature with the help of conﬁguration
interaction cluster model calculation. The line shape of XAS at
TM L2,3-edge strongly depends on the multiplet structure given
by the TM 3d−3d and 2p−3d Coulomb and exchange
interactions, as well as by the local crystal ﬁelds and the
hybridization with the O 2p ligands. This makes the technique
extremely sensitive to the spin, orbital, and valence states of the

The high-voltage LiNixMn2−xO4 spinel cathodes, denoted as
LNMO, are of great interest for LIBs due to their high energy
and power capabilities (energy density of 700 Wh/kg), arising
from a high operating voltage 4.7 V (vs Li/Li+) and fast threedimensional lithium-ion diﬀusion.15 LNMO is derived from the
spinel LiMn2O4 system but exhibits distinct electrochemical
performance. Ni-doping eﬀectively improves the reverse
capacity, cycling stability, and rate performance.16 On the
other hand, LNMO shows the poorer thermal stability
compared to its parent material, correlating with the oxyenrelease-related structural decomposition. It still remains one of
the major challenges in its widespread usage due to safety
concerns.17 Up to date, extensive eﬀorts have been devoted to
explore the factors aﬀecting the electrochemical behavior of
LNMO, such as cation ordering,18,19 stoichiometry,20−22
particle morphology,23−25 transition-metal substitutes,26−28
and the Li-insertion/deinsertion mechanism.29−31 However,
little attention has been paid to the microscopic electronic
structure. It is commonly perceived that the charge of the
remaining TM ions redistributes to compensate the charge
from the doped TM ions with a diﬀerent formal valence state,
e.g., LiMn3+Mn4+O4 transfer to Li(Ni2+0.5Mn4+0.5)Mn4+O4.32 In
other words, charge modiﬁcation behaves as introducing holes
at Mn sites by doped Ni2+ ions. This ionic picture only
considers the TM ions and ignores the interactions between the
cations and the anions and cannot fully explain the large change
of electrochemical properties of LNMO relative to LMO, such
16080
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ions.35−37 The charge distribution was further conﬁrmed by O
K-edge XAS and density functional theory (DFT).

■
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RESULTS

The XRD of LiNixMn2−xO4 (x = 0, 0.2, 0.5) was carried out
ﬁrst to conﬁrm that the samples used in this study are
consistent with the materials reported in the literature, as
shown in Figure 1a. All patterns of LiNixMn2−xO4 can be well
indexed using a cubic cell, space group Fd3m. For
LiNi0.5Mn1.5O4 sample, the minor residues peaks centered at
2θ = 37.5°, 43.6°, and 63.4° indicate a Li−Ni−O rock-salt
impurity phase (Figure S1), which arises from loss of oxygen
under the high-temperature synthesized condition.22 Interestingly, it is noticeable that this impurity phase only appears in
LiNi0.5Mn1.5O4 but is absent in LiNi0.2Mn1.8O4 samples.
Second, initial charge/discharge curve and rate capacity of
prepared samples were measured (Figure S2a, Figure S2b, and
Figure S3). Nickel doping sharply increases capacity. For
example, at the current density of 0.2 C, LiMn 2 O 4,
LiNi0.2Mn1.8O4, and LiNi0.5Mn1.5O4 deliver an initial charge
capacity of 91.4, 128.6, and 147 mAh g−1, respectively. Also, the
discharge capacity of LiNi0.5Mn1.5O4 sample is 118 mAhg−1,
which is extensively larger than that of LiMn2O4 (82 mAh g−1).
In addition, the dominant plateau of LiMn 2 O 4 and
LiNi0.5Mn1.5O4 is about 4.1 and 4.7 V, which is attributed to
the Mn3+/Mn4+ and Ni2+/ Ni3+/N4+ redox couple, respectively.
The experimental data of crystallographic structure and
electrochemical properties are well in accord with available
data,25,42 proving that LMO and LNMO were successfully
synthesized.
Local Structure and TM−O Bond Length. Since the
bond lengths of TM−O play a central role in aﬀecting the
crystal ﬁeld parameter, we performed EXAFS measurements to
determine the qualitative values, and the data reduction process
is displayed in Figure S4. The results are shown in Figure 1b,
Figure 1c, and Table S1. It was found that the bond length of
Ni−O is independent of doping level and remains at 2.07 Å,
which is close to that of the divalent nickel ions with six-oxygen
coordinated environment, such as NiO. It implies that the
nickel−oxygen bond in the LiNixMn2−xO4 system should be
ionic. For LiMn2O4, the Mn−O bond lengths were found to be
1.92 and 2.01 Å, which is related to the Mn3+ and Mn4+ ions,
respectively, indicating the charge-ordering in this system.43
The average bond length shortens with increasing Ni content,
implying that the manganese ions are gradually oxidized. The
Mn−O distance in LiNi0.5Mn1.5O4 is 1.91 Å, which is very close
to the typical Mn4+−O distance, such as the MnO2 system
(1.89 Å).44 Lastly, the reduction of the Debye−Waller factor
value with Ni content increasing visibly shows the decrease of
local structural distortion around manganese atoms, which
could be ascribed to the remove of Jahn−Teller distortion
owing to the decreased Mn3+ ions amount.
Bond Nature of Mn−O and Ni−O. We performed the soft
XAS experiments to glean the bond nature of Mn−O and Ni−
O in the LiNixMn2−xO4 system. Figure 2 depicts the room
temperature Mn L2,3-edge XAS spectra of LiNixMn2−xO4 (x =
0, x = 0.2, and x = 0.5) as well as those of MnO, LaMnO3, and
SrMnO3 serving as the divalent, trivalent, and tetravalent
reference, respectively. The spectra are dominated by the Mn
2p core−hole spin−orbit coupling which splits the spectrum
roughly in two parts, namely, the L3 (hν ≈ 640−648 eV) and
L2 (hν ≈ 652−658 eV) white lines regions. XAS spectra are
highly sensitive to the valence state: an increase of the valence
state of the metal ion by one causes a shift of the XAS L2,3
spectra by one or more electronvolts toward higher energies.45

EXPERIMENTAL AND CALCULATIONAL SECTIONS
Sample Synthesized. LiNixMn2−xO4 (x = 0, x = 0.2, x =
0.5) samples were synthesized via coprecipitation method. A
typical synthesis is as follows: an aqueous solution of NiSO4·
6H2O and MnSO4·H2O with a concentration of 2.0 mol L−1
and NaOH solution (aq.) of 2.0 mol L−1 were pumped into the
reactor at the same time. Meanwhile, the desired amount of
NH4OH solution (aq.) as a chelating agent was also fed into
the reactor. The concentration of the solution, pH, temperature, and stirring speed of the mixture in the reactor were
controlled carefully. The precipitated was ﬁltered and washed
with distilled water and then dried at 100 °C overnight in air.
The obtained hydroxides were thoroughly mixed with the
LiOH·H2O with a molar ratio of 1:1.05 (5 wt % excess of
LiOH·H2O was to oﬀset the lithium evaporative losses).
Samples were heated in air ﬁrst at 500 °C for 5 h and then
ground and reheated for a further 10 h at 850 °C. The ﬁnal
dark powders were obtained by air cooled to room temperature.
Synchrotron Radiation X-ray Absorption Spectroscopy Experiments. The TM K-edge EXAFS data were
measured at beamline 14W of the Shanghai Synchrotron
Radiation Facility (SSRF). The measurement was carried out
with a Si(111) double-crystal monochromator in the transmission mode at room temperature. The TM L2,3-edge and O
K-edge soft XAS were collected at room temperature at
beamline BL08B of the National Synchrotron Radiation
Research Center (NSRRC) in Taiwan, with a photon energy
resolution of about 0.3 and 0.15 eV, respectively. The pellet
sample was fractured in situ in an ultrahigh-vacuum chamber
with a pressure in the 10−10 mbar range. The spectra were
recorded in the total electron yield (TEY) mode by measuring
drain current.
First-Principles Calculations. The calculations of structure
optimization, density of states, and charge distribution were
carried out using the Vienna Ab Initio Simulation Package
(VASP).38 The Hubbard-U model was applied with the revised
Perdew−Buerke−Ernzerhof exchange-correlation functional
(RPBE),39 and the value of Ueff (= U − J) was set to be 5.0
eV according to the previous work.40 The electronic wave
functions were expanded using a plane-wave basis set with an
energy cutoﬀ of 500 eV, and the Brillouin zone was sampled in
a 5 × 5 × 5 mesh.
Transition-Metal L2,3-Edge XAS Spectra Simulation.
The simulation of TM L2,3-edge XAS spectra were performed
by employing the successful conﬁguration interaction cluster
model that includes the full atomic multiplet theory and the
hybridization with the O 2p ligands.41 This approach includes
both electronic Coulomb interactions and spin−orbit coupling
for each subshell. Hartree−Fock estimates of the radial part of
matrix elements of the Coulomb interaction are given in terms
of Slater integrals Fk and Gk and the spin−orbit coupling
parameters ζ(2p) and ζ(3d) for the core 2p and valence 3d
valence shells. The hybridization of TM 3d orbit and O 2p orbit
is treated using a charge-transfer model, in which 3dn+1L (L
denotes a ligand hole) and 3dn+2L conﬁgurations above the 3dn
conﬁguration are involved. The energy diﬀerence of these
conﬁgurations is deﬁned using the charge-transfer energy Δ and
the 3d−3d Coulomb interaction Udd. The ground states φ can
be written as φ = αi|3dn⟩ + βi|3dn+1L⟩ + γi∥3dn+2L2⟩.
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results as plotted in Figure 2. The ground state of Mn4+ is
comprised of 23%∥3d3 ⟩, 56%∥3d4 L⟩, and 21%∥3d5 L2 ⟩
components. The ground state of Mn3+ is comprised of
57%∥3d4⟩ , 39%∥3d5L⟩, and 4%∥3d6L2⟩ components. The
following illustrates several remarkable characteristics of the
Mn−O bond. First, the ground states of Mn3+ and Mn4+ ions
have signiﬁcant weight of 3d 5L and 3d4L component
respectively, showing the highly covalent nature of the Mn−
O bond. Moreover, it is worthwhile to note that the ligand hole
components are dominant in the ground state of Mn4+,
implying its realistic charge distribution is a large deviation from
the d3 count represented by the formal valence state.
Accordingly, revised valence states taking account of the
covalent eﬀect were estimated to be +3 and +2.5 for Mn4+ and
Mn3+ ions, respectively. These values illustrate that 50% of the
charge variation is aﬀorded by oxygens when the valence state
of manganese ions increased by one. Second, the chargetransfer energy changes from 4 to −1 eV when the Mn3+
transfers to Mn4+. The negative value suggests that the energy
of the 3d4L conﬁguration is lower than that of the 3d3
conﬁguration. In fact, the negative charge-transfer energy is
common in the late transition-metal oxides with high oxidation
state. It is essential to address that the conﬁguration interaction
calculation involves many-body eﬀects in contrast to the singleelectron approximation in DFT calculation, yielding accurate
description for the hybridization between TM 3d and O 2p
states.
The room temperature Ni L2,3-edge XAS spectra of
LiNixMn2−xO4 (x = 0.2 and x = 0.5) as well as NiO and
Nd2Li0.5Ni0.5O4 as octahedral Ni2+ and Ni3+ ions references are
plotted in Figure 3. The spectra split into two parts, L3 region

Figure 2. Experimental Mn L2,3 XAS spectra of LiMn2O4 (blue),
LiNi0.2Mn1.8O4 (red), and LiNi0.5Mn1.5O4 (black), as well as the
relevant spectra of MnO (Mn2+, brown), LaMnO3 (Mn3+, purple), and
SrMnO3 (Mn4+, green). Simulated Mn L2,3 XAS spectrum of LiMn2O4
(blue dash line) and LiNi0.5Mn1.5O4(black dashed line) is also shown
below the corresponding experimental spectrum, and the former is the
superposition of 50% Mn4+ and 50% Mn3+ (purple dashed line).

Also, the spectra of the reference samples show quite diﬀerent
multiplet structures. The spectrum of Mn2+ ions in MnO
exhibits four distinct features, and the main peak locates at 641
eV; particularly, the lowest energy peak at 640 eV is a
characteristic feature for an octahedral Mn2+ since it is well
below that of any Mn3+ and Mn4+ features. The Mn4+ ion in
SrMnO3 compound has also two sharp features at 641.8 eV (B)
and 644.2 eV (D), whereas the Mn3+ compound LaMnO3
spectrum exhibits poorly resolved structure at 640 eV (A) and
643 eV (C). The shape of LiMn2O4 spectrum strongly hints
toward the presence of Mn3+ (A and C) and Mn4+ (B and D)
ions. With Ni doping level increasing, a clear reduction of the
intensity of peaks A and C can be seen. Particularly for x = 0.5,
the peak A completely disappears, and the overall shape is
nearly the same as that of the Mn4+ reference, demonstrating
that manganese ions are tetravalent state with three t2g electron
occupancy.
In order to quantify the charge distribution of the
LiNixMn2−xO4 system, we have simulated the spectra of the
Mn4+ state in LiNi0.5Mn1.5O4 and mixed states of Mn3+ and
Mn4+ in LiMn2O4. To this end, we reference the parameter
values typical for Mn3+ and Mn4+ systems. The Mn 3d to O 2p
transfer integrals were calculated via Harrison’s prescription on
the basis of the Mn−O bond lengths. Calculations with the
parameters (10 Dq = 2.0 eV, Δ =−1.0 eV for Mn4+, 10Dq = 1.0
eV, Ds = 0.21 eV, Dt = 0.03 eV, Δ = 4.0 eV for Mn3+) give rise
to the theoretical spectra consistent with the experimental

Figure 3. Experimental Ni L2,3 XAS spectra of LiNi0.2Mn1.8O4,
LiNi0.5Mn1.5O4, NiO, and Nd2Li0.5Ni0.5O4, as well as the corresponding
simulated spectra (dashed lines).

(hν ≈ 851−856.5 eV) and L2 region (hν ≈ 866−874 eV). The
spectrum of NiO presents a main peak at 852.3 eV
accompanied by several small satellites in higher energy region,
which have been identiﬁed to be the characteristic of chargetransfer features.46 The spectrum of Nd2Li0.5Ni0.5O4 consists of
two remarkable features located at 852.4 and 854.2 eV and
shows a shift of the center of gravity of the L3-edge to the
higher energies compared with LiNixMn2−xO4 and NiO. The
shape and energy position of LiNixMn2−xO4 spectra are nearly
16082
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(t2g3eg0), the unoccupied spin-up d3z2−r2 and dx2−y2 states locate
near the Fermi level and spin-down t2g and eg states are in the
higher energy. But for Mn3+ ion (t2g3eg1), the d3z2−r2 state shifts
down to below the Fermi level and opens a gap of about 1 eV
between spin-up d3z2−r2 and dx2−y2 due to the large Jahn−Teller
distortion. Besides, we found that the spin-up Mn3+ ddx2−y2 and
Mn4+ d3z2−r2/dx2−y2 states are nearly degenerate in unoccupied
region. Ni doping introduces a new state emerging in the
valence band. It locates below the Mn3+ d3z2−r2 state, separating
by 0.5 eV, agreeing well with the ultraviolet photoelectron
spectroscopy measurement that Ni 3d electrons have higher
binding energy than the Mn 3d-eg electrons.32 This electronic
structure is accounted for by the higher intercalation voltage
upon Ni doping. With increasing doping level to 25 at. %
(LiNi0.5Mn1.5O4), the features of Mn3+ ions completely
disappear and manganese ions in this doping level are welldeﬁned tetravalent, as shown in Figure S5.
Charge Redistribution upon Ni Doping. To further
study the hybridization between Mn 3d-eg and O 2p state, O Kedge XAS of LiNixMn2−xO4 was measured, as shown in Figure
5. The O K-edge XAS spectra were corrected for the energy-

the same as that of NiO, illustrating that the Ni ions in
LiNixMn2−xO4 samples are divalent state. Moreover, there is no
obvious spectral change with the raising of doping level,
indicating that the electronic structure of Ni ions is
independent of Ni content. The quantiﬁed information was
extracted by simulation of spectrum. The theoretical spectra
with the parameters (10Dq = 0.5 eV, Δ = 6.0 eV for Ni2+ in
LiNi0.5Mn1.5O4, 10Dq = 0.5 eV, Δ = 5.0 eV for Ni2+ in NiO,
and 10Dq = 1.5 eV, Ds = 0.4 eV, Δ = 0.5 eV for Ni3+ in
Nd2Li0.5Ni0.5O4) agree well with the experimental results. The
calculations point out that the ground state is comprised of
89%∥3d8⟩ and 11%∥3d9L⟩ , 87%∥3d8 and 13%∥3d9L⟩ , and
53%∥3d7⟩ and 47%∥3d8L⟩ for LiNi0.5Mn1.5O4, NiO, and
Nd2Li0.5Ni0.5O4, respectively. It is noticeable that ligand hole
component in LiNi0.5Mn1.5O4 only accounts for 11%, which is
close to that of NiO but much smaller than that in trivalent
nickel oxide. This result demonstrates that Ni−O bond has a
highly ionic nature, which is ascribed to the large chargetransfer energy of Ni2+ ion and the long Ni−O bond.
Density of States. To compare the electronic states of
Mn3+, Mn4+, and Ni2+ ions, Figure 4 plots the projected density
of states (PDOS) of LiNi0.125Mn1.875O4 and LiMn2O4. A welldeﬁned Mn3+/Mn4+ charge ordering was found. For Mn4+ ion

Figure 5. O K-edge XAS spectra of LiNixMn2−xO4 (x = 0, x = 0.2, and
x = 0.5) and NiO for energy calibration (green line).

dependent incident ﬂux and were normalized at 70 eV above
the absorption threshold (Figure S6). It is well-known that with
increasing of TM valence, the lower energy peak gains spectral
weight in the O K-edge XAS spectra due to the fact that these
features arise from the hybridization between TM 3d and O 2p
states.34 Importantly, the states near the Fermi level play a
critical role in aﬀecting the material’s properties. Additionally, it
is well-known that an increase of the valence state of the metal
ion causes a shift of the XAS L2,3 spectra toward higher
energies, while a shift of the pre-edge peak in the O K-edge
toward lower energies. Furthermore, for the same the valence
state of the later metal ions the pre-edge peak in the O K-edge
is shifted to lower energies as charge-transfer energy Δ
becomes more negative. For this reason, the peak A at 529.5
eV in the O K-edge XAS should be focused on. It is important
to ﬁnd that the intensity rises with increasing Ni content,
showing the O 2p hole content increases. This can be well
assigned to the spectral weight gain of Mn4+−O 2p hybridization state, which is supported by the projected density of
states calculation (Figure S7). This doping-dependent spectral
change was also found in other Mn3+/Mn4+charge-ordering
oxides system, such as La1−xSrxMnO3.47

Figure 4. Projected density of states of LiNi0.125Mn1.875O4. Fermi
energy of LiNi0.125Mn1.875O4 is set to zero.
16083
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Having unraveled that the content of O 2p holes near the
Fermi level increases along with the increased Ni-doping, we
further plotted the charge density to gain insight into its spacial
distribution. This can be done by subtracting the charge density
of the structure with Ni2+ substituted at the site of Mn3+ from
that of LiMn2O4, meanwhile holding all structural parameters
constant. Figure 6 displays the result of (001) (left) and (1−

Figure 6. Total charge-density diﬀerence of LiNi0.125Mn1.875O4−
LiMn2O4. Left panel: (001) plane. Right panel: (1−10) plane.

Figure 7. Schematic illustration of energy level for Mn−O interaction.
The energy of Mn3+ 3d levels is higher than that of O 2p levels,
resulting in bonding level having strong O 2p character while the
antibonding level possesses Mn 3d orbital component. For Mn4+ eg
orbit, the scenario is reversed because it is down below the O 2p level
according to the negative charge-transfer energy.

10) (right) plane for LiNi0.125Mn1.5O4, respectively. It is
noticeable that the holes primarily localize on the Mn
3d3z2 − r2 and O 2p orbits, and more importantly congregate
around the Ni ion. In contrast, there is little charge density
change in manganese ions and the oxygen ions that are far away
from nickel ions.

Correlation between Electronic Structure and Electrochemical Performance. Having revealed the charge redistribution upon Ni doping in LiMn2O4 system, we could discuss
its correlation with the electrochemical performance. Many
previous research studies have shown that LiNi0.5Mn1.5O4
system usually exhibits inferior thermal stability related to
loss of oxygen, that is, formation of an impurity rock-salt phase
LixNi1−xO and a spinel phase containing Mn3+ when the ﬁring
temperatures are above 750 °C.21,22 In this work, we found that
this impurity phase only occurs in LiNi0.5Mn1.5O4 but is absent
in LiNi0.2Mn1.8O4 samples. Considering the recent ﬁnding that
the O2-release issue is associated with the amount of O 2p
unoccupied state,10 we could correlate this impurity phase
dependence of Ni content with O 2p holes closed to the Fermi
level. Figure 8 presents a schematic energy diagram. In the
LiMn2O4 system, the 3d bands of Mn4+ ions are highly
overlapped with the O 2p band, and the states near the Fermi
level are mainly comprised of Mn3+ 3d antibonding state and O
2p state. Under Ni2+ ions introduction, Mn3+ 3d antibonding
state disappears and O 2p state dominates the Fermi level.
Expressly, the amount of unstable O 2p hole increases. As a
result, O2 would release from this system under the thermal
treatment, leading to the partial manganese ions being reduced
to Mn3+ ions and forming rock-salt impurity phase. In terms of
these considerations, we could conclude that decreasing O 2p
holes content is favorable of thermal stability. This can be
implemented through decreasing the doped nickel content to
form a certain amount of d state of Mn3+ ions at the Fermi
level. Unfortunately, Mn3+ ion is unstable due to the
disproportionation reaction.22,25 Therefore, in order to control
the appearance of LixNi1−xO impurity phase and Mn3+ due to
loss of oxygen at high-temperature calcination, it is essential to
choose other Mn+ ion that can provide d state at the Fermi
level. We could provide several suggestions for the choice of
Mn+ ion as the following: (1) the Mn+ ion should have positive
charge-transfer energy relative to oxygen, ensuring that the
antibonding state is predominant d character; (2) the Mn+−O

■

DISCUSSION
Charge Self-Regulation upon Changing the Oxidation
of High Valence State Manganese Ions. We have revealed
that both Mn4+ and doped Ni have directly linked with eﬀects
induced by Ni-doping, i.e., oxygen-participating charge
rebalance between manganese and nickel ions that the content
of O 2p holes increases along with the increased Ni-doping. In
fact, the increase of O 2p hole content usually occurs in the
hole-doped system; for instance, the signiﬁcant O 2p holes
appear in perovskite La1−xSrxMnO3 system when the La3+ ions
are substituted by Sr2+ ions.47 However, we have to address that
the LiNixMn2−xO4 is a charge-compensated system, in which no
extra holes are introduced upon nickel doping. Consequently,
the total number of holes remains in this system. It is important
to ﬁnd that the O 2p holes that are close to the Fermi level
increase. As we know, this oxygen-participating charge
rebalance manifestation between the host ions and dopants
has rarely been reported. On the basis of bond character
analysis, we found that this charge regulation is strongly related
to the variation of covalency upon changing the oxidation state
and can be interpreted with the scheme suggested by Zunger et
al.,48 as shown in Figure 7. The interaction between Mn 3d eg
and O 2p orbitals induces new bonding levels below the
valence band maximum (VBM) and antibonding levels above
the Fermi level. The relative energy position between the
manganese and oxygen can be deduced from the chargetransfer energy. When the energy of Mn 3d levels is higher than
that of O 2p levels, i.e., Mn3+ eg orbit, this bonding level has
strong O 2p character while the antibonding level is dominated
by the Mn 3d orbital component. In contrast, the scenario for
Mn4+ eg orbit is reversed because it shifts down below the O 2p
level according to the negative charge-transfer energy. Hence,
the hole distribution upon altering the oxidation of manganese
ions substantially arises from the reverse of two bonding levels.
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Figure 8. Relationship between oxygen ligand holes and TM−O covalent bond. As the oxidation state of Mn3+ is increased through Ni2+
substitution, the concentration of O 2p holes increases because of the O 2p band upshift via the strong interaction between Mn4+ and O. When the
system is thermally treated, oxygen is released resulting in oxygen vacancies and partial manganese, and nickel ions are reduced to form Mn3+ ions
and rock-salt phase LixNi1−xO.

dissolving of cation ions into the electrolyte) in the charge−
discharge process, the lattice perturbation, including structural
change or even decomposition, is a dominant factor aﬀecting
the reverse capacity of LIBs. This lattice perturbation is mainly
induced by the charge variation on the redox ions. The greater
change of localized charge would lead to the larger structural
relaxation. The strongly covalent bond results in the fact that
the charge can be delocalized to the ligands. Consequently the
perturbation under the charge−discharge cycling can be
aﬀorded together by cation and anion ions. In other words,
covalent bond makes the framework “elastic”, in turn leading to
the excellent “defect tolerance”. The inherent mechanism is the
characteristic of charge-transfer insulator. As unraveled for
Mn3+/Mn4+ redox couple in our investigation, when a hole is
added to trivalent manganese ion, the Mn3+ transfers to Mn4+
and emerges with the reverse of two bonding levels; thus, the
hole disperses to the surrounding oxygens. This situation would
not happen for Mn2+ or Mn4+ ions due to the fact that their
levels are far away from O 2p states. Particularly for Mn4+ ions,
the adding hole primarily concentrates on the oxygen sites
because the Mn4+ 3d levels highly overlap with the O 2p states,
resulting in poor cycling performance, as seen in a recent report
on the Li4Mn2O5 system.6 This charge self-regulating response
was also found in the LiCoO2 system,11,12 in which Mizokawa
et al. described that the O 2p hole can stabilize the Li-ion
motion via holes back ﬂow. This model well explains the fact
that the most of commercialized and considered single-cation
positive electrodes are the 3d late transition-metal oxides with
layered or spinel structure, employing trivalent state ions of
manganese, cobalt, and nickel as redox sites. In multication
system such as LNMO, however, Ni2+−O bond exhibits ionic
nature; they are a minority and disperse in the major Mn4+−O
covalent framework, showing good cycling performance.

bond should be highly covalent to eﬀectively push up the d
state via two-level interaction. Also, we could discuss the
stability during the electrochemical cycling on the basis of
aforementioned picture. In this regard, lithium extraction
introduces holes into the system, which leads to increased
oxidation of the redox cations accompanied by charge
redistribution as unraveled in this work. The Mn3+/4+ and
Ni2+/3+/4+ are the redox couple for LiMn2O4 and LiNi0.5Mn1.5O4
respectively.49,50 Owing to the fact that the overlap degree of
Ni4+ 3d band with O 2p band is more than that of Mn4+ 3d
band with O 2p band,51 the LiNi0.5Mn1.5O4 shows deteriorative
stability related to O2-released issue during electrochemical
cycling compared to the LiMn2O4.
Electrochemical measurement indicates the enhancement of
rate performance in Ni-doped LiMn2O4 with increase doping
content. Generally, the rate capacity is mainly aﬀected by Li
diﬀusion, which is further determined by the migration path
and electrostatic repulsion.13,52 The previous ﬁrst-principles
calculation points out that the Li ions diﬀusion happens by
hopping from one 8a site to another 8a site through the
intermediate 16c site, which is surrounded by six cation ions
forming a cation ring in the plane that is perpendicular to the Li
diﬀusion paths.53 Clearly, the valence state of the nearest
transition metals directly inﬂuences the electrostatic repulsion;
i.e., the higher oxidation state leads to the stronger repulsion. It
has been found that 1Ni/5Mn ions (consisting of one Ni2+ ion
and ﬁve Mn4+ ions) ring in LiNi0.5Mn1.5O4 is an eﬀective Li
diﬀusion path.33 Although the low-valent Ni2+ ion can lower the
barrier, the increased number of Mn4+ ions has a largely
opposite eﬀect.13 In contrast to the expectation that the one
electron is fully taken away in the ionic picture, our work found
only approximately 50% variation of charge around manganese
ions when the Mn3+ ions transfer to Mn4+ ions. Consequently,
the actual electrostatic repulsion between Mn4+ and Li+ ions is
largely weaker than that estimated within the framework of the
ionic model. It is substantially attributed to the fact that the
charge around Mn4+ ions is delocalized to the ligands oxygen
via charge self-regulation mechanism. On the other hand, such
holes distribution would result in the reduction of electron
density around oxygen and accordingly weaken the Li−O ionic
bond.
In a broader sense, we can further discuss the role of oxygen
in the cycling process on the basis of a covalent picture. Beyond
the change of chemical composition (loss of oxygen or

■

CONCLUSIONS
In conclusion, we studied the detailed electronic structure of
high-voltage LiNixMn2−xO4 spinel cathodes and clariﬁed the
role that transition-metal d and ligand p hybridization played in
electrochemical performance. It was found an oxygen-involved
charge rebalance, that is, the amount of O 2p holes near the
Fermi level, increases along with the increasing nickel doped
content. The total number of holes remains the same, but the
“unstable” O 2p holes increase. Additionally, these considerable
oxygen 2p holes primarily congregate around nickel ions that
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act as the active redox site in LNMO system. We address that
this O 2p hole appears under the condition of no extra
introducing hole, and thus its origin is largely diﬀerent from the
common situation in the hole-doped systems, such as A-sitesubstituted perovskite materials. The intrinsic mechanisms
accounting for this unusual charge regulation are the reverse of
two bonding levels upon the valence state altering and the
Mn4+ ion being highly covalent even with negative chargetransfer energy. Furthermore, we elucidate the signiﬁcant role
that O 2p holes played in aﬀecting electrochemical performance. These aspects are usually overlooked in the ﬁeld of
battery research but profoundly aﬀect the electrochemical
performance.
More importantly, we show that the content of unstable O
2p hole can be engineered by the TM−O covalent bond, and as
a result the “charge-transfer energy” is a key criterion. Our
investigation provides a guideline to choose the suitable redox
cations for the design of expectable cathodes; that is, the d level
of the selected cations should be slightly above the O 2p state,
ensuring a reverse of level order between metal d and O 2p
orbits takes place when cation valence increases by one. These
new ﬁndings will provide clues to develop next-generation and
high-performance oxides positive electrodes.
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